The conserved Sm and Sm-like proteins are involved in different aspects of RNA metabolism. Here, we explored the interactome of SmAP1 and SmAP2 of the crenarchaeon Sulfolobus solfataricus (Sso) to shed light on their physiological function(s). Both, SmAP1 and SmAP2 co-purified with several proteins involved in RNA-processing/modification, translation and protein turnover as well as with components of the exosome involved in 3 to 5 degradation of RNA. In follow-up studies a direct interaction with the poly(A) binding and accessory exosomal subunit DnaG was demonstrated. Moreover, elevated levels of both SmAPs resulted in increased abundance of the soluble exosome fraction, suggesting that they affect the subcellular localization of the exosome in the cell. The increased solubility of the exosome was accompanied by augmented levels of RNAs with A-rich tails that were further characterized using RNA Seq . Hence, the observation that the Sso SmAPs impact on the activity of the exosome revealed a hitherto unrecognized function of SmAPs in archaea.
INTRODUCTION
The evolutionarily conserved Sm and Sm-like (Lsm) proteins play important roles in RNA metabolism (1) (2) (3) (4) . Sm/Lsm proteins share affinity for single-stranded 3 uridine or adenosine tracts (4) that provide vulnerability to 3 exonucleolytic attack and are thus important determinants of RNA stability.
In Eukaryotes, the hetero-heptameric Lsm complexes are either localized in the nucleus (Lsm2-8) or in the cytoplasm (Lsm1-7) (4-6). Lsm2-8 functions in various RNA maturation processes as well as in decay of nuclear RNAs (4) (5) (6) (7) (8) . Lsm1-7 binds to the 3 UTR of deadenylated mRNAs, which can prevent nucleolytic attack by the exosome (9-11) and simultaneously stimulate de-capping, which precedes 5 to 3 directional decay (4, 6, 12) .
In Escherichia coli, the Sm-like protein Hfq facilitates the interactions of small RNAs with target mRNAs, which modulates their translation output and stability (13) . In addition, Hfq can also influence mRNA decay directly by association with the 3 end of the transcript and by promoting polyadenylation, which in turn triggers 3 to 5 degradation by exoribonuclease(s) (14) (15) (16) (17) . At variance with mRNAs, polyadenylation of tRNAs controls their processing and thereby regulates functional tRNA levels (18) . Moreover, Hfq can inhibit the 3 to 5 exonuclease activity of polynucleotide phosphorylase (PNPase) (15, 19) , and was found in association with poly(A) polymerase (PAP) (20) and PNPase (20, 21) .
While bacterial and eukaryotic Lsm family members have been studied in more detail (2, 4, 5, 14) , the function of Smlike archaeal proteins (SmAPs) remains poorly understood. Like other Sm/Lsm proteins, the SmAPs are composed of an N-terminal ␣-helix and five ␤-strands forming a continuous Sm-fold (22) (23) (24) (25) (26) . However, the homo-heptameric SmAPs display characteristic differences from bacterial and eukaryotic Lsm proteins, e.g. they lack an extended C-terminal domain that is characteristic for some bacterial Hfq-and eukaryotic Sm proteins (2) . Several studies showed that SmAPs from different Archaea bind to oligo-U stretches of different lengths with K d 's ranging from 70 nM to 10 M depending on their origin and the length of oligo-U (24, 25, (27) (28) (29) (30) (31) . Co-immunoprecipitation (Co-IP) experiments revealed that the two SmAPs of the euryarchaeon Archaeoglobus fulgidus associate with RNaseP RNA in vivo (24) , which may suggest a role in tRNA processing. Furthermore, a Co-IP approach with the sole SmAP of Haloferax volcanii (Hv) revealed potential interacting proteins that are involved in translation (aEF-2; aEF-1␣), stress response (heat shock proteins; thermosome), nucleic acid metabolism (nucleases; mRNA 3 end processing) and the cell cycle (28) . In addition, the Hv SmAP was shown to copurify with several uncharacterized non-coding RNAs, tRNAs and C/D box snoRNAs (28) . A deletion of the Sm1 motif in the Hv SmAP encoding gene showed a gain of function in swarming, which agreed with the up-regulation of transcripts encoding proteins required for motility (32) .
In the clade of crenarchaeaota 2-3 SmAPs are present, whereas in Euryarchaeota only 1-2 SmAPs are found (2) . One of the best characterized crenarchaeota is Sulfolobus solfataricus (Sso), which can grow chemoorganotrophically at 80
• C and at a pH of 2-4. Sso encodes three SmAP proteins (http://www-archbac.u-psud.fr/ projects/sulfolobus), Sso 6454 (SmAP1), Sso 5410 (SmAP2) and Sso 0276 (SmAP3). SmAP1 and SmAP2 show 50% similarity, whereas they share only 30% similarity with SmAP3. In Sso different classes of non-coding RNAs and mRNAs were identified that interact either with SmAP1 or SmAP2 or with both proteins (26) . The large number of associated intron-containing tRNAs and rRNA modifying RNAs suggested as well a role of these SmAPs in tRNA/rRNA processing (26) .
In Eukaryotes and Archaea, the exosome can be regarded as a central 3 to 5 RNA processing and degradation machinery. The archaeal exosome is structurally similar to the nine-subunit core of the essential eukaryotic exosome and to bacterial PNPase (33, 34) . In contrast to the eukaryotic exosome, PNPase and the archaeal exosome exhibit metal ion-dependent phosphorolytic activities, and in addition to their exoribonucleolytic activity, synthesize heteropolymeric RNA tails (33) . The Sso exosome consists of four orthologs of the eukaryotic exosomal subunits: the RNase PH-domain-containing subunits Rrp41 and Rrp42 form a hexameric ring with three active sites, whereas the S1-domain-containing subunits Rrp4 and Csl4 form an RNA-binding trimeric cap on the top of the ring (35) . In Sso, the subunits Rrp4 and Csl4 confer different substrate specificities to the exosome (36) . Rrp4 displays poly(A) specificity (36) , whereas the Csl4-exosome degrades with high efficiency RNAs with an A-poor 3 end (36) . DnaG, which binds to the Csl4-exosome, functions as an additional RNA-binding subunit with poly(A) specificity (36, 37) .
In Eukaryotes, a spatial organization of RNA processing and degradation is ensured not only via compartmentalization, but also by sub-localization of RNases within specialized cytoplasmic foci (P-bodies) (38) . A spatial organization of the degradosome has also been described in Bacteria (39) (40) (41) (42) . Here, the bacterial Sm protein Hfq co-localizes with the degradosome at the cytoplasmic membrane (43) (44) (45) and is also found in the nucleoid (46) . In Sso, the exosome can likewise localize to the membrane, which has been suggested to be mediated by the DnaG subunit (47) . The partitioning between the membrane and the cytoplasm might be important for regulation of the exosome activity, i.e. 3 to 5 decay and tailing, as suggested for the bacterial degradosome (41) .
Here, using affinity purification in combination with mass spectrometry we identified proteins that interact with Sso SmAP1 and Sso SmAP2. Among others, the study disclosed DnaG as a putative interacting partner of both SmAPs. Follow-up studies corroborated a physical interaction of both SmAPs with DnaG. In addition, elevated levels of the SmAPs increased the abundance of the soluble exosome and that of RNAs with A-rich tails.
MATERIALS AND METHODS

Purification of His-tagged SmAPs and DnaG from Sso and identification of co-purifying proteins
The Sso strains PH1-16(pMJ05-SmAP1-His), PH1-16(pMJ05-SmAP2-His) (26) and PH1-16(pMJ05-DnaGHis) were generated as described (48) (Supplementary Data). For expression of the plasmid borne genes, the strains PH1-16(pMJ05), harboring the backbone vector (mock control), PH1-16(pMJ05-SmAP1-His), PH1-16(pMJ05-SmAP2-His) and PH1-16(pMJ05-DnaG-His) were grown at 75
• C in arabinose-containing Brock's medium. The affinity purification was performed as described in Supplementary Data. The dialysed eluates (500 l) were concentrated 10-fold to 50 l using 3K Amicon ® Ultra-0.5 centrifugal filter devices (Millipore), and then analyzed for co-purifying proteins by mass spectrometry described in detail in the Supplementary Data. Each experiment was performed in duplicate using two biological replicates. As input for the purifications, 20 l (1/1000) of the cell lysates from the respective strains were loaded. Five microliter (for western-blot analysis) and 15 l (for coomassie-blue staining) of the respective eluates from the affinity purifications were used. For further details see Supplementary Data.
SmAP antibodies
Antibodies directed against the Sso SmAPs were raised in rabbits (Pineda). The anti-SmAP1 serum was specific for SmAP1. The antibody raised against SmAP2 recognized both SmAPs, although a slightly reduced avidity for SmAP2 was noticed. Throughout the manuscript the designation anti-SmAP1/2 is used for the latter antibodies to note its cross-reactivity.
Co-Immunoprecipitation
SmAP1-His, SmAP2-His and DnaG-His were purified from E. coli. The SmAP1 coding gene was cloned as described in Supplementary Data. DnaG-His, SmAP1-His and SmAP2-His were purified as previously described (26, 49) . For Co-IP with purified components, 50 pmol of DnaG-His was either incubated alone (mock control) or SmAP1-His and SmAP2-His were incubated together with 50 pmol DnaGHis, respectively, in 200 l Co-IP buffer (50 mM Tris-HCl pH 6.0, 100 mM KCl; 5% glycerol, 1 mM MgCl 2 and 0.1% Triton X-100) for 10 min at 65
• C. Then, 15 l of antiSmAP1/2 were added and the samples were incubated for 1h on ice. The Dynabeads ® Protein G beads (Invitrogen) were equilibrated in Co-IP buffer and then added to the samples and incubated for 1 h at 4
• C. The beads were captured by a magnetic device and washed three times with 1 ml Co-IP buffer. The elution was achieved by incubating the beads for 10 min at 98
• C in 50 l of sodium dodecyl sulphate (SDS)-loading buffer. The bound proteins were analyzed by western-blotting using the anti-SmAP1/2 antibodies or DnaG-specific antibodies as described in Supplementary Data.
For Co-IP of endogenous untagged SmAP1 and DnaG, cell lysates from 400 ml culture of the wild-type strain P2 were prepared. The cells were pelleted and lysed in 20 ml Co-IP buffer by sonication. The cell debris was removed and an aliquot of 100 l of the P2-lysate was used as input material (In). Twenty microliter anti-SmAP1-antibodies or 20 l of the anti-DnaG-antibodies were added to 10 ml of P2-lysate and incubated for 1 h on ice. After incubation, 20 l of the Dynabeads ® Protein G beads (Invitrogen) were equilibrated in Co-IP buffer, and then added to the samples and incubated on a rolling wheel at 4
• C. The beads were captured with a magnetic device and the supernatant was used as flow through/unbound fraction (Ft). The beads were washed three times with 1 ml of Co-IP buffer and the last wash fraction (W) was precipitated with trichloroacetic acid and resuspended in 10 l SDS-Laemmli-buffer. The beads were eluted (E) with 60 l 100 mM Glycine pH 2.0 for 15 min at 30
• C and then 20 l 50 mM Tris pH 8.9 was added. Ten microliter of the Input (1/1000), 10 l of the flow through/unbound fraction (1/1000) and the last wash fraction together with 20 l of the eluted proteins/bound fraction (one-fourth) were analyzed by western-blotting using SmAP1-specific or DnaG-specific antibodies.
Exosome pelleting assay
The strains PH1-16(pMJ05-SmAP1-His) and PH1-16(pMJ05-SmAP2-His) were inoculated and the synthesis of the SmAPs was induced with arabinose (Supplementary Data). To demonstrate increased synthesis of SmAP1 and SmAP2, 1 ml samples from non-induced cultures (+sucrose) and induced cultures (+arabinose) were withdrawn at an OD 600 of 0.8. The cells were pelleted and then resuspended in SDS-Laemmli-buffer. Overproduction of the SmAPs ( Figures 1A and 4A ) was tested by western-blotting using the anti-SmAP1/2 antibodies. For the exosome pelleting assay (see Figure 4B ), 50 ml each of the non-induced cultures (+sucrose) and induced cultures (+arabinose) was pelleted and resuspended in 1 ml 2-(N-morpholino)ethanesulfonic acid (MES) low salt buffer (20 mM MES, 2 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonylfluorid (PMSF) and 0.5 mM ethylenediaminetetraaceticacid (EDTA) pH 6.5). For the sucrose gradients 100 ml of the induced cultures (+arabi-nose) were pelleted and resuspended in 1 ml MES low salt buffer. The cells were lysed by sonication 3 × 20 s and the cell debris was removed by centrifugation at 5000 g at 4
• C for 30 min. A total of 750 l of the supernatant (S5) was then loaded onto a linear 10-30% sucrose gradient and analyzed as described below or centrifuged at 130 000 g at 4
• C for 2 h. The supernatant was removed (S130) and the pellet was resuspended in 750 l MES low salt buffer (P130). An equal volume of S130 and P130 was loaded on 12.5% SDS-polyacrylamide gels. The proteins were transferred to a nitrocellulose membrane and immunodetection was carried out with anti-DnaG, anti-Rrp41, anti-aIF2␥ and anti-aIF2␤ antibodies as described in Supplementary Data.
Isolation of RNA and RNA Seq
A total of 100 ml culture of non-induced or induced PH1-16(pMJ05-SmAP1-His) and PH1-16(pMJ05-SmAP2-His) cells, respectively, were pelleted and total RNA was isolated using Trizol (Thermo Fisher Scientific). A total of 250 g of total RNA of each sample (two biological replicates for each condition/strain) was used to isolate adenylated RNAs employing the poly(A) RNA purification kit Oligotex ™ (Qiagen) following the manufacturer's instructions. Two microliter of the eluted A-rich RNAs were analyzed with the Agilent 2100 Bioanalyzer (Agilent Technologies) and the RNA 6000 Nano Kit (Agilent Technologies) following the manufacturer's instructions. The cDNAs libraries were constructed using the NEBNext ® Ultra ™ Directional RNA Library Prep Kit. A total of 100 bp single end sequence reads were generated by the next generation sequencing facility at the Vienna Biocenter Core Facilities GmbH (VBCF), member of Vienna Biocenter (VBC), using the Illumina HiSeq 2000 platform. Raw sequencing reads are available at the European Nucleotide Archive (ENA) under the accession number PRJEB20182. Adaptor sequences of the reads were removed using cutadapt (50) and mapped against the Sso P2 reference genome (NC 002754) using bwa (algorithm mem; clipping penalty -L 4) arXiv:1303.3997 [q-bio.GN]. Therefore, reads which map only partially to the reference genome with tails being not encoded in the reference genome are reported as softclipped in the read alignment. After removal of polymerase chain reaction duplicated and reads aligning to multiple genomic loci, the softclipped sequences and their corresponding anchor site where extracted using custom perl scripts (available at https://github.com/fabou-uobaf/ Helferlein/blob/master/getMappingOverhang.pl). Only 3 tails with at least 15 nt in length and with at least 5 reads were considered (parameters used: -l 15 -c 5 -cc 3 -s -1 -e 3). The tail consensus sequence was determined by majority vote on the natively aligned individual sequence tails and inspected with WebLogo (51). Replicas were merged by keeping only tail anchor points, which were detected in both replicas, thereby allowing for five bases inaccuracy. To quantify the expression levels of individual genes, reads per gene were counted using BEDtools (52) and normalized to transcripts per million using ViennaNGS (53) . All tail attachment sites (i) positioned up to 100 nt downstream of an annotated gene, (ii) within a gene or in (iii) intergenic regions were included. The genes with a detected tail (within the coding region and/or within up to 100 nt in the 3 UTR) were tested for functional enrichment utilizing the functional annotation from the SulfoSys project (54) . Thereby, annotated genes without any assigned function were added were subjected to western blot analysis. The presence of the bait proteins SmAP1 and SmAP2 were confirmed by using anti-SmAP1/2 antibodies and co-purifying exosomal subunits were detected using anti-DnaG-, anti-Rrp41-and anti-Rrp4-specific antibodies. The blot was also probed with antibodies directed against the aIF2␤ and aIF2␥ subunits of translation initiation factor aIF2 (loading control). (B) SmAP1, SmAP2, Rrp4 and Rrp41 co-purify with His-tagged DnaG. A total of 20 l of the cell lysates comprising 1/1000 of the input materials (left panel) and 5 l of the eluates from the affinity-purifications (right panel) obtained from strains PH1-16(pMJ05) (mock experiment; right panel, lane 1), PH1-16(pMJ05-DnaG-His) (right panel, lane 2) were subjected to western-blot analysis. The presence of the bait protein DnaG was confirmed by using anti-DnaG and the co-purifying exosomal proteins were detected using anti-Rrp41-and anti-Rrp4-antibodies. SmAPX was detected using anti-SmAP1/2 antibodies. The blot was also probed with antibodies directed against the aIF2␤ and aIF2␥ subunits of translation initiation factor aIF2 (loading control). (C) Co-migration of SmAPs with DnaG. A cell lysate from the Sso wild-type strain P2 was layered on top of a linear 10-30% sucrose gradient. 500 l fractions were collected and the OD 260 was measured to determine the positions of 30S and 50S ribosomal subunits (upper panel). The fractions were TCA precipitated and subjected to western-blot analysis. The heptameric (upper bands; SmAPX) and monomeric forms (lower bands) of the SmAPs, the DnaG-and the Rrp41-specific bands were detected with anti-SmAP1/2-, anti-DnaG-and anti-Rrp41-specific antibodies, respectively. to the group 'Function unknown'. Enrichment of functions within the tail associated gene set versus the genome annotation background was tested with a two-sided Fisher's exact test. The obtained P-values were corrected for multiple testing and considered significantly enriched with an enrichment factor >1.5 and a corrected P-value < 0.05.
Sucrose gradients
One gram (wet weight) of wild-type cells grown at 75
• C in Brock's medium was lysed in buffer containing 20 mM Tris-HCl pH 7.4, 10 mM MgAc, 40 mM NH 4 Cl and 1 mM DTT. The cell lysate was centrifuged and 500 g of total protein were loaded onto a linear 10-30% sucrose gradient. 100 ml of PH1-16(pMJ05-SmAP1-His) and PH1-16(pMJ05-SmAP2-His) grown in the presence of arabinose were lysed as described for the exosome pelleting assay. A total of 750 l of the S5 lysate was loaded onto a linear 10-30% sucrose gradient. After centrifugation at 100 000 g for 17 h at 4
• C, the samples were collected by continuously measuring the OD 260 . Then, 500 l samples were TCA precipitated. The samples were loaded on 15% SDSpolyacrylamide gels and the proteins were blotted onto a nitrocellulose membrane. Immunodetection was carried out as described in Supplementary Data.
RESULTS AND DISCUSSION
Proteins co-purifying with SmAP1 and SmAP2 at a glance
To shed light on the physiological role(s) of Sso SmAP1/2 we started out to assess their interactome through the identification of co-purifying proteins. The genes encoding the SmAP1 and SmAP2 proteins were abutted at the 3 end with a 10×His-tag encoding sequence. Transcription of the genes from the virus-derived pMJ05-vector was controlled by an arabinose-inducible promoter in Sso PH1-16 (26) . When compared with endogenous protein levels, this expression system permits a 3-to 10-fold overproduction of the respective proteins (48, 55) . Correspondingly, we observed ∼3 to 4-fold increase of the SmAP1 and SmAP2 levels after induction ( Figure 1A ). SmAP1-His and SmAP2-His were isolated from lysates of PH1-16(pMJ05-SmAP1-His) and PH1-16(pMJ05-SmAP2-His), respectively, using stringent washing conditions. Unspecific binding to the affin-ity matrix was controlled by a mock purification using cell lysates of strain PH1-16(pMJ05) (Supplementary Figure  S1 , lane 1). As Sm proteins display RNA-binding activity, the lysates were treated with DNase I, microccocal nuclease and RNase A to minimize nucleic acid-mediated association of proteins with the SmAPs. After Ni-affinity purification, the co-purifying proteins (Supplementary Figure  S1) were identified by mass spectrometry from two biological replicates (Table 1 and Supplementary Table S1 ). Protein identifications were accepted with a probability <99% and with a minimum of two unique peptides (Supplementary Data).
The majority of co-purifying proteins are involved in rRNA and tRNA modification and processing, RNA decay and translation ( Table 1 ). The number of protein (Table 1) and RNA-interaction partners (26) suggests a multifunctional role of the SmAPs in RNA metabolism of crenarchaeota. It is worth noting that the identified proteins belong to similar or the same functional classes as the putative interaction partners identified for bacterial Hfq (56), for eukaryotic Lsm proteins (57) (58) (59) and for the SmAP of Hv (28) . Additionally identified proteins with diverse or unknown function(s) as well as ribosomal proteins are listed in Supplementary Table S1 .
Co-purification of SmAP1 and SmAP2
SmAP1 co-purified with SmAP2 and vice versa (Table 1) . Thus, it is possible that the two SmAPs form either heterooligomeric assemblies or that homo-oligomeric proteins interact with each other. We favor the first possibility as both SmAPs displayed a similar pattern of co-purifying proteins ( Supplementary Figures S1 and 2 ; Table 1 and Supplementary Table S1 ). In addition, the heptameric SmAP complexes (SmAP1-His) 7 and (SmAP2-His) 7 (Supplementary Figure S1A ) isolated from polyacrylamide gels contained both SmAPs in a similar ratio as identified by mass spectrometry (Supplementary Figure S1B) . Henceforth, we therefore use the designation SmAPX for the heptameric form of the SmAPs. Hetero-oligomeric SmAP assemblies have so far not been described in Archaea, and it remains to be seen whether a differential composition impacts their function(s) as shown for the hetero-oligomeric Lsm assemblies found in Eukaryotes (3). The third SmAP present in Sso (SmAP3/Sso0276) co-purified as well with SmAP1 and SmAP2 ( Table 1 ). All three Sso SmAPs share a Lsm motif, whereas SmAP3 is larger in size (17 kDa) and additionally contains three more motifs, Lsm14, Sm-ATX and Lsm C, that are often found in other Sm/Lsm protein family members (see Supplementary Figure S3 ).
Co-purification of proteins involved in RNA modification, turnover and translation
Proteins involved in methylation of rRNA e.g. Fibrillarin, Nop56 and Nep1 methyltransferase were co-purifying with the SmAPs (Table 1) , which is in agreement with the recent observation that snoRNAs, which are components of the C/D box snoRNP, were found in complex with both SmAPs (26) . The methyltransferase fibrillarin is involved in the first steps of pre-ribosomal processing and required for ribosome stability (60) . Like fibrillarin, the Nop56 ortholog is also part of the nucleolar snoRNP. Nep1 has been described as a rRNA small subunit methyltransferase (61) . These findings and the association of SmAPs with rRNA processing complexes (Table. 1) and rRNA (26) hints toward a function in pre-rRNA processing, which has been suggested before (2) . This notion is supported by the comigration of SmAPX with 50S and the monomeric form(s) of the SmAPs with 30S ribosomal subunits ( Figure 1C) as well as by the co-purification with small and large ribosomal proteins (Supplementary Table S1 ).
The dimeric tRNA-splicing endonuclease (␣-and ␤-subunit), which removes introns from archaeal pre-tRNAs (62) co-purified with the SmAPs (Table 1) . Moreover, the two ALBA proteins (Sso10b1/Alba1; Sso10b2/Alba2) were enriched in both eluates (Table 1) . ALBA proteins, which have been described as chromatin binding proteins (63) , have also been shown to co-purify with SmAPs in halophilic Archaea (28) . In addition, they share a high similarity with the Rpp20 subunit of eukaryotic nuclear, RNA-based RNase P involved in tRNA processing (64) . Taken together with the findings that tRNAs co-purified with the Sso SmAPs (26) and that eukaryotic Lsm proteins are involved in tRNA processing (7), the co-purification of the tRNA-splicing endonuclease and the ALBA proteins with the SmAPs may hint to a role in tRNA processing.
Furthermore, we identified a putative 8.5-kDa ssh7a (Sso10610) endoribonuclease (65) and a putative metaldependent phosphohydrolase co-purifying with both SmAPs (Table 1 ). The latter enzyme belongs to the HD superfamily, which constitutes a common domain for tRNA nucleotidyltransferases, poly(A)-polymerases and (p)ppGpp synthetase I (66) .
Another abundant protein in the eluate was translation elongation factor 1-alpha (aEF1␣). AEF1␣ is bound to the ribosome stalk (67) and acts as a carrier GTPase for tRNAs as well as for the tRNA mimicking proteins, archaeal release factor 1 and for aPelota. This suggests multiple roles for aEF1␣ in translational elongation and termination as well as in mRNA surveillance pathways (68) , in which the SmAPs might be also involved. Analogously, in halophilic Archaea aEF1␣ co-purified with the SmAP (28). In Sso aEF1␣ was co-immunoprecipitated with DnaG and Rrp41 using DnaG-and Rrp41-specific antibodies, indicating that aEF1␣ is an interaction partner of the exosome (69). It is also worth noting that in Eukaryotes the Lsm proteins (Lsm1-4) have likewise been shown to co-purify with EF1␣ (70) .
We further identified translation initiation factor aIF5A as putative interaction partner of Sm proteins ( Table  1 ). The factor aIF5A is an ortholog of the eukaryotic eIF5A/bacterial EF-P proteins that promote translation of polyproline stretches in both kingdoms (71, 72) . In Haloarchaea it has been characterised as a ribonuclease (73) , whereas the function in Sso remains elusive.
The confirmation of the interactions between the SmAPs and the proteins mentioned above as well as their physiological implications will have to be addressed in future studies. As the exosomal subunits DnaG, the cap-protein Rrp4 and the exosomal core subunits Rrp41 and Rrp42 co-purified with either both SmAPs or solely with SmAP2 (Table 1) , Proteins are only listed if they were detected in both biological replicates, i.e. when they were co-captured by either SmAP1 or SmAP2 in two independent experiments. Raw spectra were interpreted by Mascot 2.2.04 (Matrix Science). The spectral data were searched against the Archaea subset of the nonredundant protein database (NCBI). Results were further processed in Scaffold 3.0.2 (Proteome Software). Peptide identifications were accepted with a probability <95% as calculated by the Protein Prophet algorithm. Protein identifications were accepted with a probability <99% and with a minimum of two unique peptides. The corresponding open reading frame (ORF) and the molecular weight (MW) of the proteins are listed in the respective columns. The numbers in the SmAP1 and SmAP2 columns correspond to the number of identified peptides assignable to the identified proteins.
we focused in the present study on a possible link between the SmAPs and the exosome.
The SmAPs physically interact with the exosome via DnaG
For further analyzes, antibodies directed against both SmAPs were raised in rabbits and tested with the recombinant proteins for cross-reactivity ( Supplementary Figure S4) . The anti-SmAP1 serum was specific for SmAP1. In cell extracts (CE) both, the monomeric, SmAP1 and the SmAPX complexes were detected ( Supplementary Figure S4A) . The antibody raised against SmAP2, referred to as anti-SmAP1/2 antibody, recognized both SmAPs and showed a slightly reduced avidity for SmAP2 (Supplementary Figure S4B ). Based on their size difference, the anti-SmAP1/2 antibody permitted the visualization of the monomeric forms of SmAP1 and SmAP2 (Supplementary Figure S4B) , but the heptameric complexes could not be distinguished. As mentioned above, when compared with the control strain ( Figure 1A, left panel, lane 1) , the input material used for the affinity purification contained ∼3 to 4-fold elevated levels of SmAP1 ( Figure 1A , left panel, lane 2) and SmAP2 ( Figure 1A, left panel, lane 3) , respectively. The increased synthesis of the SmAPs had no influence on the levels of exosome components, i.e. DnaG, Rrp41 and Rrp4 ( Figure  1A, left panel, lanes 1-3) . The presence of the exosomal subunit DnaG in the eluates of affinity-purified SmAP1 and SmAP2, respectively, and the presence of Rrp41 and Rrp4 in the eluate of affinity-purified SmAP2 (Table 1) could be verified by immunodetection using antibodies against DnaG, Rrp41 and Rrp4 ( Figure 1A, right panel lanes 2 and  3) . The reason why higher quantities of DnaG co-purified with SmAP2 than with SmAP1 ( Figure 1A , right panel, lanes 2 and 3) remains to be clarified. However, purely based on a qualitative scale, the latter result concurred with the mass spectrometry data as more DnaG-specific peptides were detected in the SmAP2-eluate ( Table 1) . As DnaG is tightly associated with the core-exosomal subunits (49) , the lower abundance of DnaG in the SmAP1 eluate might explain why Rrp41 and Rrp4 could not be detected among the proteins co-purifying with SmAP1 ( Figure 1A , right panel, lane 2).
In addition, DnaG-His was used as bait protein and the reverse experiment was performed with strain PH1-16(pMJ05-DnaG-His). The induction of the dnaG-His variant resulted in an increase of the intracellular DnaG levels (∼3-fold) ( Figure 1B, left panel, lane 2) . Optimization of the resolution conditions revealed that only DnaG-His was increased 3-fold, whereas the endogenous DnaG level was unchanged (Supplementary Figure S5) . The increase in the DnaG-levels were also accompanied by a minor increase in the Rrp41 levels, whereas the Rrp4, SmAP1 and SmAP2 levels remained unchanged ( Figure 1B, left panel, lane 2) . The His-tagged DnaG was immobilized on a Ni-affinity column. The reverse experiment mirrored the results shown in Figure 1A in that Rrp41, Rrp4, SmAP1 and SmAP2 copurified with DnaG ( Figure 1B, right panel, lane 2) .
The Sso exosome was shown to co-migrate with the ribosomal fraction (47, 69) . As shown in Figure 1C , like the exosomal subunits DnaG and Rrp41, SmAPX predominantly co-migrated together with 50S ribosomes. In addition, substantial amounts of monomeric SmAPs were detected in the top/soluble fraction where it is apparently not associated with the exosome (Figure 1C) .
Clearly, these initial co-purification and co-migration experiments did not exclude the possibility of an indirect association of DnaG with the SmAPs. To demonstrate a direct physical interaction His-tagged SmAP1, SmAP2 and DnaG were produced in E. coli and purified to homogeneity using Ni-affinity and size-exclusion chromatography (26, 37) . The recombinant His-tagged proteins (Figure 2A , lanes 1-3 (Input)) were used for the in vitro Co-IP experiments together with the anti-SmAP1/2 antibodies. First, a mock experiment was performed with DnaG and anti-SmAP1/2 antibodies. As shown in Figure 2A , lane 4, this experiment showed on the one hand that the anti-SmAP1/2 antibodies did not cross-react with DnaG and on the other hand eliminated the possibility that DnaG binds non-specifically to the ProteinG beads. To demonstrate a physical interaction with DnaG, either SmAP1-His or SmAP2-His were incubated together with DnaG-His and then the Co-IP was performed with anti-SmAP1/2 antibodies (Figure 2A, lanes 5  and 6) . The precipitates were analyzed by western-blotting using anti-SmAP1/2- (Figure 2A , upper panel, lanes 5 and 6) and anti-DnaG antibodies (Figure 2A , lower panel, lanes 5 and 6). DnaG was co-captured with Sso-SmAP1 and to a lower extend with Sso-SmAP2 (Figure 2A , lane 5 and 6). We hypothesize that this due to the lower avidity of the antiSmAP1/2 antibody for SmAP2 than for SmAP1 (see Supplementary Figure S4B ), which likely results in a less efficient pull-down of SmAP2-His/DnaG-His complexes. The Co-IP experiment with isolated components clearly indicated a direct interaction between the SmAPs and DnaG in vitro although we cannot completely exclude that their binding properties are influenced by the addition of the His-tag.
To further demonstrate the interaction of endogenous SmAPs and DnaG in Sso lysates we employed the antiSmAP1 antibody, specifically recognizing SmAP1 (Supplementary Figure S4A ) and the anti-DnaG antibody to test whether DnaG co-precipitates with SmAP1 and SmAP1 coprecipitates with DnaG, respectively. In either experiment, we could confirm an interaction of SmAP1 and DnaG (Figure 2B and C) , which again mirrored the co-migration studies ( Figure 1C ).
Elevated levels of the SmAPs increase the amounts of soluble exosome and of A-rich tails on RNAs
Since DnaG might be required for membrane localization of the Sso exosome (47), we next assessed whether an increase in the intracellular concentration of both SmAPs affects the cellular partitioning (soluble versus insoluble) of the exosome. We utilized the Sso strains PH1-16(pMJ05-SmAP1-His) and PH1-16(pMJ05-SmAP2-His) to achieve elevated levels of the SmAPs. When compared to the control samples (non-induced), induction of the plasmid borne SmAP genes with arabinose resulted in ∼3 to 4-fold increase of SmAP1 and SmAP2, respectively ( Figure 3A) . The cell lysates were prepared from non-induced (SmAP1−/SmAP2−) and induced cultures (SmAP1+/SmAP2+) as described before (69) with the exception that the lysates were centrifuged at 130 000 g for 2 h. This led to a complete removal of the ␤-and ␥ -subunits of archaeal translation initiation factor aIF2 from the supernatant (S130) (Figure 3B ), which most likely can be ascribed to its association with ribosomes present in the pellet (P130). Likewise, in non-induced cells the exosomal subunits Rpr41 and DnaG were only found in the P130 fraction ( Figure 3B ). In contrast, the increase of the intracellular SmAP levels ( Figure 3A ) concurred with the immunodetection of DnaG and Rpr41 in the S130 fraction (Figure 3B) , indicating that elevated SmAP levels increased the abundance of the soluble exosome.
Next, we asked whether increased levels of either SmAP1 or SmAP2 can affect the intracellular partitioning of the exosome, i.e. the fractions of soluble/insoluble exosome. In contrast to the results shown in Figure 1C and as observed for the exosome pelleting assay ( Figure 3B ), a fraction of DnaG and Rrp41 shifted in 10-30% sucrose gradients toward the soluble fractions upon over-production of SmAP1 and SmAP2 ( Figure 3C ), respectively, whereas the main part of the insoluble portion remained unaltered. This effect was more pronounced in the SmAP2 over-producing strain ( Figure 3B and C) , which might be attributed to the 4) were assessed by quantitative western-blotting with anti-SmAP1/2 antibodies. To ensure equal loading the membranes were also probed with anti-aIF2␥ antibodies. (B) Exosome pelleting assay. A total of 750 l of the cell lysates derived from the Sso strains PH1-16(pMJO5-SmAP1-His) and PH1-16(pMJO5-SmAP2-His) grown at 75 • C in the presence of sucrose (−, non-induced) or arabinose (+, induced) were centrifuged for 2 h at 130 000 g. The supernatant (S130) was removed and the pellet (P130) was dissolved in an equivalent volume. Equal volumes of S130 and P130 were analyzed by western-blotting for the presence of DnaG and Rrp41 using the respective antibodies. To ensure equal loading the membranes were also probed with anti-aIF2␤ and anti-aIF2␥ antibodies. (C) Sucrose gradients. A total of 750 l of the cell lysates obtained from strains PH1-16(pMJ05-SmAP1-His) and PH1-16(pMJ05-SmAP2-His) grown in the presence of arabinose were layered on top of a linear 10-30% sucrose gradient. A total of 500 l samples were collected and the OD 260 was measured to determine the positions of 50S and 30S ribosomal subunits (upper panel). The proteins were TCA precipitated, separated on a 15% SDS polyacrylamide gel and then transferred to a nitrocellulose membrane. The heptameric (upper bands; SmAPX) and monomeric forms (lower bands), the DnaG-specific band and the Rrp41-specific band were detected with anti-SmAP1/2-, anti-DnaGand anti-Rrp41-specific antibodies, respectively. strength of the SmAP2-DnaG interaction ( Figure 1A ). In addition, when compared with the wild-type cells, where only the monomeric SmAPs were detected in the soluble fraction ( Figure 1C ), augmented levels of the SmAPs resulted in an increase of the SmAPX complexes in the soluble fraction ( Figure 3C ). This was again more pronounced in the strain with elevated SmAP2 levels.
DnaG is required for efficient polyadenylation of rRNA substrates (37) . Considering the results shown in Figure  3B and C, we next tested whether the increase of the soluble/active exosome (33, 69) upon over-production of the SmAPs impacts on the adenylation state of cellular RNAs. Total RNA was isolated from the Sso strains PH1-16(pMJ05-SmAP1-His) and PH1-16(pMJ05-SmAP2-His) grown in the presence of sucrose (non-induced/SmAP-) and arabinose (induced/SmAP+). When equal amounts of these RNA preparations were passed over an oligo-T column, by far more A-rich RNAs were retained from the cultures that contained elevated levels of the SmAPs ( Figure  4A ). Most of the eluted RNAs isolated from the SmAP1 and SmAP2 over-producing strains had a size between 750 and 3000 nt.
Next, we used RNA Seq to identify the most abundant RNAs present in the eluates of the oligo-T affinity purification and to determine the location of A-rich stretches longer than 15 nt within a given gene, at its 3 end as well as in intergenic regions as outlined in 'Materials and Methods' section. These analyses (Supplementary Tables S2 and  3 ) revealed 324 and 327 transcripts (241 transcripts were in common) with A-rich stretches upon over-production of SmAP1 and SmAP2, respectively. Among these, 83 and 86 transcripts were specifically detected upon over-production of SmAP1 and SmAP2 (Supplementary Figure S6) , respectively. The A-rich stretches were predominantly located in the coding region of the transcripts (80.9% for SmAP1 and 76.9% for SmAP2), whereas ∼10% were localized in the 3 UTRs (10.53% for SmAP1 and 10.6% for SmAP2). In addition, some A-rich stretches were also detected in intergenic regions (8.6% for SmAP1 and 12.5% for SmAP2). Moreover, the two previously identified adenylated RNAs in Sso (74), viz 16S rRNA and the nuoH mRNA, were found among the tailed transcripts. The sequence composition of the tails were analyzed with WebLogo (51). They were predominantly A-rich with a noticeable G content ( Figure 4B ). The categorization of the transcripts revealed several functions that were significantly (q-value < 0.05) enriched. These included genes encoding functions involved in transcription, ribosomal structure and biogenesis, translation, post-translational modification, protein folding and turnover, and energy production and conversion ( Figure  4C ).
The increase in adenylated RNAs led to the question whether the SmAPs directly stimulate the tailing activity of the exosome or whether it is caused indirectly by increasing the level of the soluble/active (33,69) exosome (Figure 3 ). To address this, an in vitro polyadenylation assay with the native 3 end of the Sso 16S rRNA was performed (37, 74) . The 163 nt long 3 end of the Sso 16S rRNA was incubated 1 and 3) or arabinose (+, induced) (lanes 2 and 4). Equal amounts of total RNA were used to isolate adenylated RNA with the Oligotex™ kit. Two microliter of each eluate was analyzed using with the Agilent 2100 Bioanalyzer (Agilent Technologies) and the RNA 6000 Nano Kit (Agilent Technologies). (B) The sequence composition of the A-rich tails obtained after over-production of SmAP1 (top) and SmAP2 (bottom) was determined using WebLogo (51) . Only 3 ends of the adaptor clipped reads, which do not map to the reference genome and which showed an overhang of longer than 15 nt were used for the analyzes. Only sites present in both replicas that are supported by at least five independent reads were analyzed. (C) Functional categorization of tailed RNAs. Functions, which are significant enriched (Fisher's exact test; α = 0.05) are marked with an asterisk. Genes are annotated according to (54) .
with the Csl4-Rpr41-Rpr42 exosome and the DnaG-Csl4-Rpr41-Rpr42 exosome in the absence and presence of the SmAP1 or SmAP2. The Csl4-Rpr41-Rpr42 exosome has been reported to be devoid of tailing activity on the 16S rRNA substrate (37) . The presence of the SmAPs did not affect this trait (Supplementary Figure S7, lanes 1-7) . In contrast, the DnaG-Csl4-Rpr41-Rpr42 exosome enabled tailing of the 16S rRNA substrate (Supplementary Figure S7,  lanes 8-10) . However, the tailing activity did not increase after addition of the SmAPs proteins to the adenylation assay (Supplementary Figure S7, lanes 11-12) . Although we cannot exclude that this preliminary result is inherent to the substrate used, we favor the idea that the increase of 'A-rich' RNAs observed after in vivo over-production of the SmAPs results from elevated levels of the soluble/active exosome fraction ( Figure 3B and C) .
The more prominent 'A-rich tailing' in coding regions resembles that observed for bacterial mRNAs, where it may serve as a toehold for and accelerate 3 to 5 directional decay of the transcript by exoribonucleases (16, 17) . However, in Sso the A-rich tails seem to be longer as a minimum of 15 nt was used as a threshold for the A-rich stretches. The predominant presence of the A-rich stretches in coding regions might imply that tailing occurs on decay intermediates generated by endonucleolytic cleavage. Such a mechanism has been proposed for RNase E in E. coli, where the enzyme appears to affect poly(A) tailing indirectly through the generation of new 3 termini that serve as substrates for poly(A) polymerase (17) . We have recently identified in Sso and in Sulfolobus acidocaldarius aCPSF2 exoribonucleases with 5 to 3 directionality belonging to the group of ␤-CASP proteins (75) . However, in contrast to other members of the ␤-CASP ribonucleases (76) , no endonucleolytic activity has as yet been demonstrated for Sso-aCPSF2. Apart from CRISPR Cas6 (77) and a tRNA splicing endoribonuclease (62) the only other riboendonuclease described in Sso is Sso7d (65) . Interestingly Sso7a, a paralog of Sso7d, as well as two subunits of the t-RNA splicing endonuclease co-purified with both SmAPs (Table 1) . Whether these observations have any meaning with regard to 'A-rich tailing' within coding regions remains to be seen.
Alternatively, tailing within coding regions might result from 3 to 5 curtailing by the exosome followed by 'A-rich tailing'. This mode of action has been described for E. coli polynucleotide phosphorylase, which works exonucleolytically and biosynthetically at high and low intracellular levels of inorganic phosphate, respectively (16) . Similary, the Sso exosome displays a degradative and a biosynthetic ac-tivity in the presence of increased levels of inorganic phosphate and ADP, respectively (33) . Clearly, the physiological consequence of the 'A-rich tailing' remains to be elucidated in Sso. Nevertheless, there are some indications that, like in Bacteria, tailed RNAs are degraded faster by the Sso exosome in vitro (37) .
Conclusions and perspectives
This study disclosed a novel function of SmAPs in crenarchaeal RNA metabolism in that the SmAPs bind to the archaeal exosome subunit DnaG and thereby seem to impact indirectly on the adenylation status of RNAs. Although one explanation for this finding could be an increase in the soluble/active form of the exosome (33, 69) , it remains puzzling why over-production of either SmAP resulted not only in tailing of a common set of RNA substrates but also of distinct ones.
In Bacteria and Eukarya, A-rich/poly-(A) tailing is linked with a short (20) and increased (12) longevity of a mRNA, respectively. Having identified distinct mRNAs that are tailed within the coding region and at their 3 extremities opens up the possibility to address, for the first time, the consequences of A-rich tailing in an archaeon. Furthermore, the interaction of the SmAPs and DnaG could influence the degradation activity of the exosome either directly or by changing its binding affinity for poly(A). How the activity of DnaG is regulated by the SmAPs requires further experimentation.
Although it appears safe to say that the archaeal SmAP/Lsm proteins are involved in RNA metabolism there could be subtle functional differences in different archaeal phyla. For instance in halophilic Archaea the exosome is absent and RNA tailing does not occur (74) , whereas DnaG is present (37) . It seems therefore worthwhile to study the function of Sm proteins in different phyla to uncover unprecedented functions of archaeal SmAP/Lsm proteins.
